In this paper, variation tendency of phosphorylated Nrf2, as the activated form of native Nrf2, was studied in 107 primary hepatocellular carcinoma (HCC) specimens treated by curative hepatectomy. Moreover, the coexpression of oxidative stress markers Keap1 and pNrf2, and their association with pathological features were also evaluated based on those specimens. The results showed that preserved cytoplasmic Keap1 expression of cancer cells was observed in 59 HCCs, while reduced Keap1 expression was determined in remaining 48 ones. With regarding to nuclear pNrf2 expression, 75 HCCs were defined as high and the other 32 ones as low. There was a significant association between Keap1 and pNrf2 expression in HCCs. Higher pNrf2 expression was observed, at a more substantial proportion, in those specimens with reduced Keap1 expression, compared to those with preserved Keap1 expression. The subset with higher pNrf2 and reduced Keap1 expression was defined as pNrf2 + Keap1 − . According to the analysis of prognosis, this subset was significantly associated with poor 5-year overall survival and worse disease-free survival in HCCs, indicating that pNrf2 and Keap1 were two-functional biomolecules, not only the oxidative stress markers but also biomarkers for prognosis of HCCs.
Introduction
Hepatocellular carcinoma (HCC) ranks second among the most common cancer-related mortality in the world [1] . Despite the progress of medical technology, the prognosis of HCC still remains poor and most patients experience disease recurrence and exhibit a 5-year relative survival rate of less than 10% [2] . At present, as a new moleculartargeted therapy, sorafenib has been confirmed to be an encouraging systemic treatment against advanced HCC.
However, the efficacy of sorafenib is still not satisfactory [3, 4] . The appropriate use of conventional or potential treatments for hepatocellular carcinoma is still a challenge [5] . For HCC, a better understanding of molecular mechanisms underlying HCC development is in urgent need.
Multiple etiological factors have been reported to be associated with the development of HCC. Among these factors, reactive oxygen species (ROS) has been a very hot topic. Relatedly, oxidative stress results from an elevation of ROS production or a decline of ROS-scavenging capacity attracts a mass of focus from many researchers [6] . In the oxidative stress pathway, there are two very important molecules, transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2) and Kelch-like ECH-associated protein-1 (Keap1) [7] . Upon exposure of cells to oxidative stress, Nrf2 translocates to the nucleus and is abundantly transcribed in cancer cells. There is a large body of evidence that indicated Nrf2 promoted proliferation, invasion, and chemoresistance by determining its expression in kinds of cancer including human hepatocellular carcinoma (HCC) cells [6, 8, 9] . In addition, Keap1, as an oxidative stress sensor, mediates degradation of Nrf2, and the association between the aberrant Keap1 expression and the poor prognosis has been largely investigated in various malignant tumors, especially companied with dysregulation Nrf2 expression [9, 10] .
Huang et al. investigated the correlation of Keap1 and Nrf2 expression and pathological features in oral squamouscell carcinoma (OSCC) and elucidated that the oxidative stress markers, Keap1, Nrf2, Prdx6, and CD147 were significantly correlated with each other and had prognostic value as potential therapeutic targets in OSCC [10] . Luisa et al. investigated the role of Nrf2 and Keap1 in nonsmall-cell lung carcinoma (NSCLC) and found that abnormal Nrf2 and Keap1 expression was associated with worse overall survival in NSCLC patients [11] . In gastric cancer, Kawasaki et al., immunohistochemically evaluated the expression of Nrf2 and assessed its clinical significance and claimed that Nrf2 expression was positively associated with aggressive tumor behavior in gastric cancer [8] . In hepatocellular carcinoma, Zhang et al. reported that inhibition of Nrf2 expression inhibited proliferation by inducing apoptosis and repressed invasion, and upregulated expression of Nrf2 was correlated with tumor differentiation, metastasis, and tumor size [12] . However, phosphorylated Nrf2, as an activated form of Nrf2 were rarely reported about its expression, significance, functional mechanism in HCC.
In this study, to understand the role of Keap1 and pNrf2 in HCC and to investigate the association between their expression and prognosis of HCCs, we analyzed their expression status in paratumor and tumor and elucidate their clinical implication.
Materials and Methods

Patient and tissue samples
A total of 107 specimens from primary HCC patients treated by curative hepatectomy at Sir Run Run Shaw hospital (Zhejiang University, Hangzhou, China), from 2008 to 2013 were used in this study. Patients were performed with irregular/segment/hemi-hepatectomy. Tumor tissues were dissected from macro-or microscopic confirmed HCC tissues, and their corresponding paratumors were isolated from liver tissues at least 2 cm away from tumors and with no microscopic tumor cells [13] . The tumor specimens and paratumors were used for Western blot, qPCR and IHC analysis. [14] . All resected tumors underwent detailed pathological assessment. The clinical diagnosis and evaluation of HCC were recommended by the American Joint Committee on Cancer/ United International Consensus Committee (AJCC/UICC) staging system for HCC (6th edition) [15] . Patient charts were carefully reviewed to obtain other clinical data such as gender, age, tumor size, tumor multiplicity, child-pugh class, alpha-fetoprotein (AFP), cirrhosis, virus status, Barcelona Clinic Liver Cancer (BCLC) stage, vascular invasion, metastasis, time of recurrence, and death or time of last follow-up. Patient survival was calculated in months starting from the time of surgery. Patients with other therapeutic procedures (such as Chemotherapy, Radiotherapy, TACE, or molecular targeted therapy either preoperative or postoperative) were excluded. Written informed consent was obtained from each patient. The use of human samples was approved by the local ethical committee.
Immunohistochemical staining
Immunohistochemical studies were performed on 107 tumor and paratumor specimens. 5-μm sections were deparaffinized in xylenes, and hydrated in alcohols. Endogenous peroxidase activity was blocked using 3% H 2 O 2 in methanol for 10 min. The sections were then washed and antigens were retrieved using antigen-specific methods. Then these sections were treated with 10% normal goat serum and incubated overnight at 4°C with mouse anti-Keap1 antibody (1B4; abcam, UK; 1:150 dilution), rabbit anti-Nrf2 antibody (abcam, UK; 1:100 dilution), or rabbit anti-pNrf2 antibody (phospho-S40; abcam, UK; 1:150 dilution). The bound primary antibody was visualized with streptavidin-biotin peroxidase (Vectastain Elite ABC reagent; Vector Laboratories, CA) according to the manufacturer's instructions. Tumor specimens that were expected to have a high expression of pNrf2, which react against the specific antibodies were used as positive control tissue sections. Tumor specimens incubated with nonimmune serum were used as negative controls, to ensure that secondary antibodies did not produce background stain.
Evaluation of IHC staining
Five fields of each specimen were selected to evaluate the results by immunohistochemical staining. Specimens were scored by two independent pathologists. Staining intensities were assessed with high-power (×400) microscopy, and was scored as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong). The proportions of tumor cells positively stained with Keap1 and pNrf2 were scored as 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), or 4 (76-100%). The Q-score was the sum of the intensity and proportion scores and ranged from 0 to 7. A Q-score≤2 was considered negative, or reduced expression, and a Q-score>2 was considered positive, or preserved expression. Accordingly, cytoplasmic Keap1 and nuclear pNrf2 immunostaining were assessed in 107 HCC specimens.
Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from tissues using Trizol (Invitrogen, Carlsbad, CA, USA). Reverse transcription was performed according to the protocol of PrimeScript RT reagent kit (Takara, Dalian, China). Quantitative PCR was performed using SYBR premix Ex Taq (Bio-Rad, Hercules, CA, USA). Gene expression in each sample was normalized with the house keeping gene (GAPDH) expression. Relative quantification of target gene expression was evaluated using the comparative CT method. The primers used for this study were listed in Table 1 .
Western blotting
Total protein was extracted using 1× RIPA buffer (sigma). The lysis buffer was supplemented with protease inhibitor cocktail (Roche). According to protein concentrations, equal amounts of protein were separated on 12% polyacrylamide gels and transferred onto 0.45 μm nitrocellulose membranes (Millipore). The membranes were blocked with 5% fat-free dry milk in TBST for 2 h, then incubated with primary antibodies, mouse anti-Keap1 antibody (1B4; abcam, UK; 1:1000 dilution); rabbit anti-Nrf2 antibody (abcam, UK; 1:5000 dilution); rabbit anti-pNrf2 antibody (phospho-S40; abcam, UK; 1:5000 dilution) or mouse anti-Tubulin antibody (invitrogen, USA; 1:1000 dilution). Tubulin was used as internal control. The immunoreactive blots were visualized using an enhanced chemiluminescence reagent (Clarity ™ Western ECL Substrate, Bio-Rad) according to the manufacturer's instructions.
Statistical analysis
The data were analyzed by SPSS version 17.0 (SPSS Inc., Chicago, SUA). The χ 2 test or the Student's t-test was used to analyze group differences. Kaplan-Meier method and the log-rank test were used for overall survival and disease-free survival analysis. Univariate analyses were used to examine the prognostic factors (proportional hazards regression model). A P < 0.05 was considered to be statistically significant.
Results
Clinical and pathologic variable analysis
A total of 107 patients with HCC met inclusion criteria in this cohort. The characteristics of patients and clinical characteristics of HCC included in the study were summarized in Table 2 . As assessed by univariate Cox regression, no significant correlation was found between patient survival and candidate prognostic factors like age, gender, tumor size, ascites, child-pugh class, cirrhosis, and virus status. But significant correlation was observed between patient survival and tumor multiplicity (P = 0.002), vascular invasion (P = 0.002), and metastasis (P = 0.005), as depicted in Table 3 . Moreover, as shown in Table 4 , for those HCC tissues with reduced Keap1 expression, a majority showed pNrf2 expression that was upregulated, indicating that cytoplasmic Keap1 expression significantly correlates with nuclear pNrf2 expression (P = 0.0103).
Correlation between Keap1 expression and clinical outcome
Keap1 protein was mainly expressed in cytoplasm (Fig. 1A) . As shown in Figure 2B , according to the result of IHC, reduced keap1 expression was observed in HCC tissues, while preserved keap1 expression was found in paratumors. A similar result was observed in Figure 3 , according to the results of qPCR and Western blotting. In Figure 2C and D, it showed that preserved cytoplasmic Keap1 expression was always accompanied by low expression of nuclear pNrf2 (24/107), while reduced cytoplasmic Keap1 expression was always accompanied by high expression of nuclear pNrf2 (40/107) ( Table 4 ). In addition, recurrence rate of patients with reduced Keap1 expression was higher than those with preserved Keap1. As depicted in Table 2 , for 48 specimens with reduced Keap1 expression, recurrence was observed in 24 specimens, the proportion being nearly 50.0%. For 59 specimens with preserved Keap1, recurrence was observed in 21 specimens, the proportion being 35.6%. Moreover, as depicted in Table 3 , reduced expression of cytoplasmic Keap1 in cancer cells was relatively associated with poor 5-year overall survival (P = 0.082; hazard ratio [HR] = 2.24) and worse disease-free survival (P = 0.142; HR = 1.573), and a similar result was observed in Figure 4C , D.
According to the result shown in Figure 4D and F, more than 40% of Keap1 − patients and less than 40% of the subset of pNrf2 + Keap1 − patients lived more than 80 months after surgery. According to the analysis of prognosis, it indicated that reduced expression of cytoplasmic Keap1 was significantly associated with poor 5-year overall survival and worse disease-free survival in HCCs, especially with upregulated pNrf2 expression.
Correlation between pNrf2 expression and clinical outcome
The expression of pNrf2 was primarily observed in the nucleus (Fig. 1B) . The negative and positive control were shown in Figure S1D . In Figure 2A , according to the result of IHC, higher expression of pNrf2 protein was observed in HCC tissues, while reduced pNrf2 expression was found in paratumors. A similar result was observed in Figure 3C and D by Western blotting. Reported by other studies, inhibition of Nrf2 expression inhibited proliferation, and upregulated expression of Nrf2 was correlated with tumor metastasis and tumor size (12) . Interestingly, as an activated form of Nrf2, the levels of pNrf2 mirror those of total Nrf2 in our study, both in tumor and paratumors ( Fig. 2A and 3C ). As depicted in Table 2 , for 75 specimens with upregulated pNrf2 expression, recurrence was observed in 38 specimens, the proportion being nearly 50.67%. For 32 specimens with low pNrf2, recurrence was observed in 10 specimens, the proportion being 31.25%. As depicted in Figure 4A and B, univariate analysis demonstrated that upregulated expression of pNrf2 significantly correlated with poor 5-year OS (P < 0.05; HR = 0.313) and DFS (P < 0.05; J. Chen et al. Keap1 and phosphorylated Nrf2 in Hepatocellular Carcinoma HR = 0. 4451). Furthermore, comparing the OS and DFS of pNrf2 + Keap1 − subset and other subset, it was observed that patients with high pNrf2 and reduced Keap1 expression demonstrated worse prognosis, OS (P < 0.05; HR = 3.133) and DFS (P < 0.05; HR = 2.673) (Fig. 4E  and F) .
Correlation between Keap1 and nuclear pNrf2 expression
Huang et al. elucidated that the oxidative stress markers, Keap1, Nrf2, Prdx6, and CD147 were significantly correlated with each other in OSCC [10] . In this study, close correlation was also found between cytoplasmic Keap1 expression and nuclear pNrf2 expression not only in tumor but also in paratumor, as shown in Figure 2 C and D and Figure S1C . In protein level, upregulated nuclear pNrf2 expression was accompanied by decreased cytoplasmic Keap1 expression. But in transcription level, no obvious changes were observed with Nrf2 (Fig. 3A) . Therefore, Nrf2, in protein level, could be degraded or repressed in Keap1-dependent manner [16] . The Keap1-Nrf2 system plays a crucial role in cellular defense against oxidative stress, which may protect not only normal cells but also cancer cells from the toxicity of reactive oxygen species [17] . Various downstream genes, AKR1B10, NQO1, AKR1C1, GCLM, and GCLC were involved in this signaling pathway. In Figure 3B and Figure S1 , AKR1B10, NQO1, and GCLM were activated and highly expressed as the expression of pNrf2 was upregulated, while no significant changes were observed in expression of AKR1C1 and GCLC. In addition, as oxidative stress markers, the prognostic significance of Keap1 and pNrf2 was further investigated for patients with HCC.
Discussion
Our results evaluated the prognostic significance of expression of oxidative stress-related genes Keap1 and pNrf2 in HCC. We found that reduced expression of cytoplasmic Keap1 with upregulated nuclear pNrf2 expression significantly correlated with poor overall survival and higher recurrence risk. It indicated that cytoplasmic Keap1 and nuclear pNrf2 could be regarded as biomarkers for prognosis of HCCs. As a crucial factor interacting with the PI3K-AKT pathway, pNrf2 and its downstream genes promote tumor progression by regulating cell-cycle-related factors, and modulating mitochondrial function [18] [19] [20] [21] . It confirmed that pNrf2 may be one of the underlying factors of poor prognosis of HCCs. The pNrf2 was originally regarded as a critical regulator of intracellular antioxidants through upregulating many antioxidant response element (ARE)-containing genes. A recent study indicates that Keap1 degradation was critical for activation of the Nrf2 signaling pathway, a major defense mechanism in cancer cells [22] . Hua KT and his colleagues demonstrated that Keap1 functions as a suppressor of tumor metastasis by targeting the Nrf2/S100P pathway in non-small-cell lung cancer cells [23] . Yota Kawasaki et al. reported that Nrf2 protein was predominantly identified in the nucleus of gastric cancer cells, which was proved to be positively associated with aggressive tumor behavior [8] . Joel Isohookana and his colleagues' results show that expression of Keap1, main mediating degradation of Nrf2, was a significant prognostic factor in pancreatic adenocarcinomas [24] . The action mechanism of Keap1-Nrf2 pathway in initiation and development of HCC was still ambiguous, though a number of researchers spare no effort to conduct studies in various kinds of tumors.
Nrf2 could be degraded or repressed in two distinct manners, GSK-3-dependent and Keap1-dependent. In fact, the degradation of Nrf2 in GSK-3-dependent manner has been gradually elucidated in recent years. Nrf2 is regulated by GSK-3 through creation of a DSGIS-containing phosphodegron that is recognized by beta-TrCP [25, 26] . As the PI3K-AKT pathway inhibits GSK-3, it is most likely it controls formation of the DSGIS phosphodegron through which beta-TrCP enables Cul1 to ubiquitylate Nrf2. Our study has been conducted based on the Keap1-dependent mechanism.
Some of the somatic mutations of Keap1 gene may produce nonfunctional protein, leading to false positive immunoreactive signal for Keap1. Kornelius Schulze et al. reported that activating mutations of NFE2L2 (encoding Nrf2) was 6% and inactivating mutations of KEAP1 was 4% in human HCC [17] . By whole-exome and oncovirome sequencing of human HCC, a recent study demonstrated that there were frequent activating mutations of NFE2L2 and inactivating mutations of KEAP1 [27] . These mutations lead to activation of the Keap1-Nrf2 pathway that may protect not only normal cells but also cancer cells from the toxicity of reactive oxygen species. Moreover, researchers identified that NFE2L2 and KEAP1 mutations were only observed in advanced HCC suggesting that these mutations were late events in human liver carcinogenesis [17, [28] [29] [30] . Nevertheless, Nam Jin Yoo et al. observed that mutated Keap1 (8.9% of HCC) was still expressed in HCC with Keap1 mutations; among those mutated Keap1, only 25% (1/4) were false positive [31] . Therefore, it indicated that only 2.225% of total HCC patients, a fairly low proportion, may produce nonfunctional protein.
Similarly, Kornelius Schulze et al. demonstrated that only 4% of HCC showed Keap1 inactivated mutation, indicating that the rate of high nonfunctional keap1 expression caused by Keap1-inactivated mutation is even low [17] . Moreover, Sean P. Cleary et al. reported that decreased expression of Keap1 was observed in 4/6 tumors with Keap1 mutations [32] . Above all, false positive immunoreactive signal for Keap1 do exist but at very low proportions.
Additionally, on the way to explore the mechanism underlying Keap1-Nrf2 pathway, the expression of Nrf2-target genes, as well as pNrf2 protein, play an informative role, considering their potential prognostic significance. Various downstream genes, AKR1B10, NQO1, AKR1C1, GCLM, and GCLC were involved in this signaling pathway. . The data were presented as *P < 0.05, **P < 0.01. PT, paratumor; T, tumor; P, patient. HCC, hepatocellular carcinoma.
MacLeod et al. and Agyeman et al. found aldo-keto reductase (AKR) 1B10
and AKR1C1 to be major target genes of Nrf2 in human cells [33, 34] . Moreover, Matkowskyj et al. have reported AKR1B10 to be upregulated in HCC [35] . GCLC and GCLM were Nrf2-target genes in humans and are linked directly to the synthesis of glutathione and thus, the oxidative stress response [36] . According to the results of our study, AKR1B10, NQO1, and GCLM were activated and highly expressed as the expression of pNrf2 was upregulated, while no significant changes were observed in expression of AKR1C1and GCLC.
In this manuscript, the coexpression of oxidative stress markers Keap1 and pNrf2, and their association with pathological features were evaluated in HCC. The result showed that there was a significant association between Keap1 and pNrf2 expression in HCCs. Higher pNrf2 expression was observed, at a more substantial proportion, in those specimens with reduced Keap1 expression, compared to those with preserved Keap1 expression. According to the analysis of prognosis, the pNrf2 + Keap1 − subset was significantly associated with poor 5-year overall survival and worse diseasefree survival in HCCs, indicating that pNrf2 and Keap1 were two-functional biomolecules, not only the oxidative stress markers but also biomarkers for prognosis of HCCs.
According to all these recent findings, the Keap1-Nrf2 system plays a crucial role in cellular defense against Regarding the DFS rate, the group with high pNrf2 expression (n = 75) had a significantly poorer prognosis compared with the group with low pNrf2 expression (n = 32) (P = 0.0096). (C) Cumulative OS was not different between Keap1 reduced (n = 48) and preserved (n = 59) group (P = 0.0821). (D) Cumulative DFS was not different between Keap1 reduced (n = 48) and preserved (n = 59) group (P = 0.1422). (E) Cumulative OS was significant different between Keap1 reduced plus high pNrf2 expression (n = 40) and others (n = 67) group (P = 0.0252). (F) Cumulative DFS was significant different between Keap1 reduced plus high pNrf2 expression (n = 40) and preserved (n = 67) group (P = 0.0031). The data were presented as *P < 0.05, **P < 0.01. oxidative stress, which has been reported to promote cancer development and act as a biomarker to anticipate prognosis of HCCs. But little of the specific mechanisms are known about its association with carcinogenesis of HCC.
Conclusion
In this paper, variation tendency of pNrf2, as the activated form of native Nrf2, was studied in 107 primary hepatocellular carcinoma (HCC) specimens treated by curative hepatectomy. Moreover, the coexpression of oxidative stress markers Keap1 and pNrf2, and their association with pathological features were also evaluated. The correlation between Keap1 and pNrf2 expression and clinical outcome was assessed. The result showed that there was a significant association between Keap1 and pNrf2 expression in HCCs. Higher pNrf2 expression was more likely observed in those specimens with reduced Keap1 expression. The pNrf2 + Keap1 − subset was significantly associated with poor 5-year overall survival and worse disease-free survival in HCCs, indicating that pNrf2 and Keap1 were two-functional biomolecules, not only the oxidative stress markers but also biomarkers for prognosis of HCCs.
